C ontrolling molecular conformations to obtain desirable morphologies and properties is of both fundamental and technological importance 1, 2 . Recent advances in polymer synthesis allow unprecedented control over chain microstructure, including the ability to place functional groups at precisely periodic intervals along a linear backbone [3] [4] [5] [6] [7] [8] . Some of these precise polymers exhibit layered morphologies consisting of hairpin chain folds at the position of each functional group [9] [10] [11] . The degree of chemical and conformational control in these layered structures is a significant achievement, but associated useful properties have not been demonstrated until now.
C ontrolling molecular conformations to obtain desirable morphologies and properties is of both fundamental and technological importance 1, 2 . Recent advances in polymer synthesis allow unprecedented control over chain microstructure, including the ability to place functional groups at precisely periodic intervals along a linear backbone [3] [4] [5] [6] [7] [8] . Some of these precise polymers exhibit layered morphologies consisting of hairpin chain folds at the position of each functional group [9] [10] [11] . The degree of chemical and conformational control in these layered structures is a significant achievement, but associated useful properties have not been demonstrated until now.
Proton exchange membrane fuel cells depend on membranes such as Nafion to transport protons between electrodes while providing a mechanical and electronic barrier. Nafion has a complex multiscale phase-separated morphology with well-connected hydrophilic domains in which sulfonate-lined water channels percolate through a hydrophobic, semicrystalline polytetrafluoroethylenelike matrix 12, 13 . While the exact structure remains controversial [14] [15] [16] [17] [18] , the water channels are thought to be nominally cylindrical 19, 20 . For decades, researchers have sought to develop new membranes with lower production cost, higher operating temperature, lower operating humidity and other desirable attributes, using percolating hydrated domains as a design rule [21] [22] [23] [24] [25] [26] [27] . Most of these new polymers have amorphous, poorly controlled morphologies like Nafion, and are typically not on par with Nafion's performance. In striking contrast, controlled hairpin polymer folding is a cutting-edge, versatile strategy featuring a highly ordered morphology that holds promise for the development of new membranes to efficiently transport protons, ions and even small molecules.
There are a few examples of ion conductivity in polymers with crystal-like ordering. A hydrated polymer brush with ammoniumterminated side chains formed a layered structure with periodicity of ~40 Å, with anionic (OH -) conductivity of ~0.05 S cm −1 , but the ordering was only moderate and the water channel structure was not quantified 28 . In membranes for batteries, it was shown that lithium ions can be transported along helical crystalline polyethylene oxide chains 29 . Ions can also be transported along the surfaces of polyethylene oxide crystallites 30 . Our innovative approach controls polymer folding to achieve a desirable, well-ordered, highly crystalline morphology with high proton conductivity. The success of this approach provides striking new insight into the design of proton-or other-ion-conducting synthetic membranes. Control of chain folding and morphology is made possible by precise control of the chain microstructure via acyclic diene metathesis synthesis 5, 8, [31] [32] [33] [34] . Our previous work showed that periodic placement of pendant atactic carboxyl groups along linear polyethylene produces controlled chain folding and layers of acid groups 9 . Here, sulfonic acid groups 35 , which are highly hygroscopic moieties, replace carboxyl groups, producing hydrated layers with high proton conductivity. Our simulations show that the ordered, layered structure enhances diffusion relative to the tortuous water channels of an amorphous polymer. The layered polyethylene-based structure is a new design paradigm for functional polymer membranes, opening doors to efficient and selective transport of protons, ions and small molecules on appropriate chemistry selection.
Proton conductivity
The proton conductivity of a precisely sulfonated polyethylene, p21SA, as well as Nafion 117 for comparison, is plotted in Fig. 1a versus relative humidity (RH). The conductivities are obtained from EIS (Fig. 1d,e) . The conductivities are very similar for 60% RH or greater-within a factor of 1.25. Such proton conductivity within a polyethylene-based crystalline structure is new. At low RH, the conductivity of p21SA is appreciably lower than Nafion 117, due to the lower acidity of the alkyl sulfonic acid in p21SA compared with the fluoroalkyl sulfonic acid in Nafion.
The hydration number, λ, defined as the number of water molecules (including hydronium) per sulfonic group, is comparable in p21SA and Nafion 117 at low humidities, while Nafion has higher λ at high humidities (Fig. 1c) . By volume, the water uptake is quite similar in p21SA and Nafion at high humidites (see Supplementary  Fig. 1 for details) .
The high conductivity of Nafion is attributed in part to the wellconnected (percolated) hydrophilic domains achieved on hydration and the favourable nanoscale morphology with strong microphase separation 12, 36 . As percolation of conductive domains is generally thought to be required for high conductivity, this suggests that the water/sulfonic acid domains are also percolated in p21SA. To assess the nature of the water domains in p21SA, X-ray scattering was performed as a function of RH.
Structural characterization
Recently, we elucidated the semicrystalline structure of a related polyethylene, with carboxyl groups pendant to every twentyfirst carbon atom (p21AA). We found that, within the crystalline domains, the backbones execute hairpin folds near the position of each acid group 9, 10 . X-ray scattering of p21SA under vacuum is similar to p21AA, showing a layered structure with scattering vector q = 0.22 Å −1 (period = 28 Å) and a Bragg reflection at q = 1.5 Å Fig. 3 contains additional X-ray scattering results.) This suggests that p21SA also exhibits the chain-folded structure, as depicted in Fig. 1b . The sulfonic acid groups form layers, with the crystalline alkyl segments between each layer. The two-dimensional (2D) X-ray scattering pattern (not shown here) is isotropic, indicating random orientation of crystalline domains. Alignment of the layers should further improve conductivity. The X-ray scattering peak at 0.22 Å −1 shifts to progressively lower q values as the RH is increased, corresponding to an increase in the layer period from 28 Å (1% RH) to 33 Å (65% RH). This indicates an expansion of the layered structure, depicted in Fig. 2c,d . When the water activity is increased, water enters the layers because of the hygroscopic sulfonic groups and the hydrophobic nature of the methylene groups. This expansion further supports our chainfolded model; if the chains were extended, the periodicity could not increase beyond the all-trans length of the repeating unit, 26.7 Å. Importantly, this swelling is reversible; the layer period decreases when the humidity is subsequently reduced.
The uniformity of these layers is remarkably high. The primary layer peak has a full width at half maximum of ~0.01 Å ) as a function of RH at 40 °C. λ is defined as the number of water molecules per sulfonic group and is measured with a sorption balance. d,e, EIS Nyquist (d) and Bode (e) plots of the specific complex impedance (Z) of p21SA at 30% and 70% RH. For low humidities, part or all of the semicircle was evident in the EIS Nyquist plot, while at higher humidities, the proton conductivity timescale was faster than the maximum frequency of our impedance spectrometer (1 MHz). At all humidities, a minimum in − Im(Z) was evident in the Bode plot. The DC resistance was obtained from the value of Re(Z) at the frequency of minimum − Im(Z). f, Photo of p21SA sample connected to stainless steel electrodes for EIS measurements. The electrodes were connected laterally across the film, rather than in a sandwich-like manner, to maximally expose the sample to the air for improved equilibration on changing humidity.
we obtain an upper limit to the dispersity, ε, of the layer period in the material, which is 0.4 Å or 1.2%. This small dispersity implies that virtually all sulfonic layers are accessible to surrounding water; there are essentially no sulfonic layers that are isolated from diffusing water. At 50% RH, there is no residual scattering intensity at the peak position of 1% humidity (see Fig. 2b ), showing that essentially all layers have taken up water and expanded.
The crystal size and degree of crystallinity are key parameters in this system. While charge carrier mobility may be fast within the layers, grain boundaries may serve as impediments to mobility. In typical semicrystalline polymers (including polyethylene), smallangle X-ray scattering exhibits a long-period peak corresponding to intercrystallite distances; however, no such peak is present for p21SA within our instrumental range of q > 0.008 Å −1 (d < 800 Å; see Supplementary Fig. 5 ). In contrast, the analogous carboxylcontaining polyethylene (p21AA) does exhibit a long period peak 8, 9 . Applying the Scherrer equation to the primary sulfonic layer peak yields a minimum crystal size of ~700 Å along the vector normal to the layers. The peak breadth is equivalent to our instrumental resolution, so the size could be much larger. These two facts suggest an unusually large crystal size for p21SA. In fact, the morphology could resemble that of a long-spaced aliphatic polyester periodically grafted with polytetrafluoroethylene side chains 11 . For this folded polyester, transmission electron microscopy revealed a layered morphology (period ~50 Å) persisting for hundreds of nanometres without noticeable amorphous regions. The Supplementary Information contains a detailed discussion of the crystallinity of p21SA. Future work will investigate grain size via transmission electron microscopy and the effect of grain size on conductivity.
Structure from simulations
Fully atomistic molecular dynamics (MD) simulations were carried out to further investigate the layered structure of p21SA. The starting structures of the simulations contained chain-folded molecules of atactic p21SA arranged in layers, similar to our previous work on p21AA 9 . A 2D slice of the relaxed structure is shown in Fig. 3a . The interlayer distance obtained from simulations is compared with experiments as a function of hydration number λ in Fig. 3b . We find good agreement between simulations and experiments, to within 1 Å (3%). This suggests that our simulated structures are close to experiments and verifies the chain-folded model proposed in Fig. 1b . For 3 ≤ λ ≤ 5.5, the slope is approximately 0.8 Å per unit λ, agreeing well with experiment. The chain-folded structure is consistent with the reversibility of the swelling. We only simulate systems with λ ≥ 3, where the sulfonic acid groups are fully ionized.
In Fig. 3c , atoms from the λ = 5 simulation are projected onto the vector normal to the layer plane to display the average composition of the layer. Aside from carbon, the sulfur is farthest from the layer centre, followed by sulfonate oxygen, showing that the sulfonate groups tend to be oriented with their dipoles towards the layer centre. Most of the water molecules are near the layer centre, along with some penetration near the layer walls. In contrast, the H 3 O + are distributed quite evenly at λ = 5 between the layer centre and the average sulfur position towards the sides of the layer.
Intriguing advantages of this unusual hairpin structure include (1) highly percolating water domains that reduce barriers to water and charge carrier mobility, (2) well-controlled, tunable water environments, allowing detailed study and optimization of environments that produce high charge carrier mobility, (3) well-defined, tunable melting point, which is defined by the alkyl spacer length, (4) mechanical integrity provided by crystalline alkyl segments and (5) strong phase separation of water from the alkyl phase due to crystalline packing of alkyl segments.
The position distributions of the hydroniums are shown as a function of λ in Fig. 3e . The small peaks near the sulfonate groups indicate a slight preference for the layer walls due to electrostatic interactions, but many hydroniums are also near the channel centre, solvated by water. This suggests heterogeneous hydronium dynamics-those hydroniums close to sulfonic groups experience reduced mobility due to electrostatics, while those towards the centre of the layer are solvated by the water and thus more mobile. As λ increases, the distribution broadens, and hydronium is increasingly likely to be solvated by water. This is also apparent in Fig. 3f , where for λ = 3, a hydronium is likely to be coordinated to zero or one water molecule, while when λ = 5.5, the most likely hydronium coordination states are (1) two sulfonates and two waters or (2) one sulfonate and three waters.
Water dynamics from simulations
Using simulations, we quantify the water molecule dynamics within the hydrated layers in p21SA. Although our hydronium approximation does not treat (directly) proton quantum dynamics, for example, Grotthuss diffusion [37] [38] [39] , we obtain insights into the dynamics with this approach. In proton exchange membranes, the proton conductivity is generally related to the local viscosity profiles in c (squares). The nonlinearity at low λ is due to sulfonate groups occupying some of the water layer volume. The areal density of water molecules (H 2 O and H 3 O + ) within each acid layer (triangles) are also shown. e, Position of hydronium and sulfur as in c, for seven hydration levels. f, Probability heat map of the coordination number (N) of hydronium oxygens coordinated to sulfur (SO, y axis) and of the same hydronium oxygens coordinated to water oxygen (WO, x axis) 49 . With increasing λ, this shows the transition from hydroniums being primarily bound to sulfonate groups to being primarily bound to water. and the tortuosity of the conductive domains 38 , and the water diffusion coefficient, D H O 2 , captures these parameters. The primary simulations treat the water dynamics in a crystalline structure (that is, single grain). These dynamics do not depend crucially on quantum transport, and thus the simulation data should correspond well to that in the measurements 40 . We also quantify the water dipole rotation rate, τ in crystalline p21SA are plotted in Fig. 4d ,e, respectively. Both quantities exhibit an exponential decay versus λ −1
. In aqueous acid solutions, a similar exponential decay of water dynamics is experimentally observed as a function of acid concentration. Meanwhile, simulations of water confined in one dimension (that is, thin layer) with neutral pH and hydrophobic surfaces showed a roughly linear dependence of water diffusion on degree of confinement 41, 42 . In p21SA, the water dynamics are inhibited by both the high ion concentration and the high degree of confinement. For our most confined simulation, where λ = 3 (in Fig. 3d , areal water density of 12 nm under non-ionic confinement at the same areal density was reduced by a factor of ~10 (ref. 41 ).
To further characterize the water dynamics in the crystalline (layered) p21SA structure shown in Fig. 4b , comparisons are made with several other systems: bulk water, methanesulfonic acid (MeSO 3 H) solutions (0.2-14 M concentrations; Fig. 4a ) and amorphous p21SA (Fig. 4c) decrease from bulk water with similar exponential dependence to crystalline p21SA, while at higher λ −1 the dynamics plateau to values related to the viscosity of neat MeSO 3 H. The impact of the layered geometry is demonstrated by comparing results from simulations based on the experimentally observed crystal structure with those of an amorphous structure with disordered water channels. While τ
in the amorphous p21SA simulations is similar to that of the crystalline simulation, even exceeding it by a factor of
is substantially lower in the amorphous simulation, by a factor of 2 to 3.
The water rotational dynamics appears to be the controlling factor for diffusion in crystalline p21SA, as evidenced by plotting
( Fig. 4f) . As expected, in the MeSO 3 H solutions, diffusion is directly controlled by the water rotation rate, clearly . e, Diffusion coefficient of water as a function of inverse hydration number. f, Diffusion coefficient of water as a function of dipole rotation rate. g-i, Distribution of squared displacements of water molecules versus time-delta for MeSO 3 H (g), crystalline p21SA (h) and amorphous p21SA (i) simulations. The lines have slopes of 1 on this log-log plot, and all have the same y intercept. The crystalline p21SA and aqueous MeSO 3 H simulations are uniformly diffusive for time > 0.1 ns, while the amorphous simulation is not diffusive even when the water has moved close to the simulation box size (58 Å or 3,400 Å 2 ). All plotted diffusion coefficients are 3D except stars in f, which are 2D. In g, the simulation of aqueous MeSO 3 H was only carried out to 40 ns.
extrapolating to bulk water. For crystalline p21SA, water diffusion falls on the same line as MeSO 3 H and bulk water when the 2D diffusion coefficient (D = MSD / 4t, where MSD is mean square displacement and t is time) is considered (stars). Thus, the water diffusion in crystalline p21SA is controlled by water rotation rate to the same extent as the MeSO 3 H, after accounting for the dimensionality of diffusion.
In contrast, the 3D water diffusion coefficient in amorphous p21SA falls significantly below the line in Fig. 4f , by a factor of 4 to 5. While the dimensionality of the amorphous system is difficult to determine, even the 1D diffusion coefficient (D = MSD / 2t) would be below the line. We attribute this to the nonuniformity of the water domains in amorphous p21SA. As depicted in Fig.  4c , amorphous p21SA contains large water domains connected by narrow water channels. Thus, the average rotation rate is likely dominated by the water in the large domains, while the diffusion is limited by the transport of water through the narrow channels. This amorphous morphology therefore hinders water diffusion, while the crystalline structure does not. This is also seen in Fig. 4i : water in the amorphous simulations remains subdiffusive 43 until it travels the length of the simulation box (58 Å), compared with Fig. 4g ,h, where the water is diffusive at t < 1 ns. A larger simulation box may result in even more reduced D H O 2 in amorphous p21SA. Therefore, ordered water layers are desirable in fuel cell membranes relative to disordered water channels; according to our simulations, they lead to more efficient water diffusion (and therefore proton conductivity) given the same chemistry and hydration level.
Conclusion and outlook
We have demonstrated that controlled polyethylene folding can produce desired transport properties, and that a crystalline structure can promote proton transport in a polymer. Simply by placing sulfonic acid groups on precisely every twenty-first carbon, linear polyethylene executes hairpin chain folds at the position of each sulfonic acid group, triggering a directed self-assembly into a crystalline structure containing water layers of subnanometre thickness. The resulting structure has proton conductivity on par with Nafion 117, despite the lower acidity of alkylsulfonic acid functional moieties in p21SA. We have demonstrated the use of controlled polyethylene folding to produce desired transport properties, as well as an example of a crystalline structure promoting proton transport in a polymer. The conductivity could be further improved by aligning the layers (for example, by mechanical shearing, AC/DC electric or magnetic field, directional epitaxial solidification or directed self-assembly techniques) such that the layer normal is orthogonal to the desired transport direction. This alignment would also provide anisotropic conductivity. Furthermore, our simulations suggest that the high degree of ordering of the water domains in p21SA improves proton conductivity relative to random, tortuous water channels. The effect of ordered layers, as well as the role of grain boundaries, on water diffusion will be further investigated via NMR relaxometry in comparison with Nafion and other sulfonic acid-based proton conducting polymers 44 . Our strategy of using polyethylene crystallization to achieve high proton conductivity is a cutting-edge alternative paradigm with respect to other strategies in the literature, most of which use polymers containing sulfonated aromatic rings that have highly disordered to poorly ordered morphologies.
This work has broad implications beyond hydrated fuel cell membranes, as various functional groups could be incorporated without disrupting the highly advantageous layers. This robust and versatile layered structure could be engineered and modified for applications in anhydrous fuel cell membranes, cation or anion conductive membranes for batteries, and water purification membranes. It remains to be explored whether a small molecule (in this study, water) is required for efficient transport. Perhaps replacing the sulfonic acid group with an ionic liquid functionality-protic, such as imidazole 45 , or aprotic-could allow anhydrous proton transport or cation/anion transport, respectively, through the layers, leading to next-generation electrochemical energy storage solutions. Similarly, the concentrated acid groups within the layers may provide high cation (for example, Li + , Na + , K + ) conductivity even in the absence of water, because the proximity of the acid groups could allow efficient ion transport. Future work should examine the mechanical properties of these precisely sulfonated polyethylene films, as mechanical performance is critical for use in fuel cells and other applications. Routes to improving the mechanical properties could be (1) improving the crystal integrity by increasing the alkyl length between sulfonic groups and/or incorporating H-bonding groups (for example, amides) into the backbone, and (2) inducing the formation of amorphous domains to increase elasticity, for example, by terminating chains with non-crystallizable groups. Future work will also examine whether this structure and corresponding conductivity is present in nearly precise polymers, wherein the functional group placement is variable by one carbon 46 .
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